anesthetized with thiopental-gamma-hydroxybutyric acid were used to investigate the effects of pulmonary gas embolism on pulmonary arterial pressure (Pap), systemic arterial pressure (Pa) and cardiac output @). Pulmonary gas embolism was produced either by venous injecton or by venous infusion. The most marked effect of pulmonary gas embolism on circulation was an increase in Pap which returned to the original level after stopping the gas administration.
Summary. Mongrel dogs weighing ~15-25 kg and
anesthetized with thiopental-gamma-hydroxybutyric acid were used to investigate the effects of pulmonary gas embolism on pulmonary arterial pressure (Pap), systemic arterial pressure (Pa) and cardiac output @). Pulmonary gas embolism was produced either by venous injecton or by venous infusion. The most marked effect of pulmonary gas embolism on circulation was an increase in Pap which returned to the original level after stopping the gas administration.
1. After gas injection Pap rose to a maximum within 30-60 s. The extent of this rise in Pap showed a positive correlation with the volume of the injected gas. The kind of gas (oxygen, helium, neon, nitrogen, air), however, did not influence the extent of the rise in Pap, but did influence the time of return of Pap to the original level. Carbon dioxide showed an exceptional behavior in that it had almost no effect on Pap at all. Pa hardly changed with the volume of the gas injections (20-60 ml injected within 1 s); ~) was not measured after gas injections (the direct Fick method is not usable in this situation).
2. Gas infusion caused a slow rise of Pap, its steepness and extent depending on the rate of infusion and on the physical properties of the infused gas. When the right ventricle was able to maintain its output, a constant level of Pap was reached after 10-15 min.
In this circulatory steady state Pap appeared to be a measure of the degree of embolization. However, this relationship no longer held when the right ventricle failed as evidenced by a fall in P,p, Pa and 0.
It may be concluded that pulmonary gas embolism produces a transient partial obstruction in the pulmonary circulation and that the performance of the right ventricle determines the maximum degree of embolization compatible with a sufficient circulation.
INTRODUCTION
In 1670 Robert Boyle discovered bubbles in the circulation during decompression experiments; he may have been the first investigator in the field of gas embolism. In 1889 Hare mentioned a report of Magendie who introduced 40-50 pints of air into the veins of a horse without causing immediate death (referred to by Bond, 1969) . In the years thereafter investigators restricted themselves to the study of the lethal dose of venous injection for various gases in different animals (reviewed by Bond, 1969; Harkins and Harmon, 1934; Richardson et al., J937; Wolffe and Robertson, 1935) . After the Second World War measurements of several circulatory and respiratory variables were made during venous gas embolism.
Most of the investigations were performed with gas injections, probably to imitate pulmonary gas embolism as found in patients. The following results were obtained: (A) a rapid increase in pulmonary arterial pressure (P,p) reaching a maximum within 30-60 s after the gas injection, followed by a slow decrease to the original level within 10-15min; (B) a small short-lasting decrease of cardiac output @) and systemic arterial pressure (Pa) with a synchronous small rise of central venous pressure; (C) an unchanged pulmonary wedge pressure and left atrial pressure (Berglund and Josephson, 1970; Cockett et al., 1968; Deal et al., 1971; Gilbert et al., 1968; Josephson, 1970a, b; Mandelbaum and King, 1963) .
Much less work has been done concerning the effects of venous gas infusion. Increase in systolic right ventricular pressure and in systemic venous pressure, decrease in pulmonary blood flow and an unchanged or decreased systemic arterial pressure during venous gas infusion have been reported (Spencer and Oyama, 1971 ; Steffey et al., 1974; Wycoff and Cann, 1966) . The degree of the circulatory changes was dependent on the kind (CO2, 02 and N2) and dosage of the gas infused.
In the present paper the circulatory effects of pulmonary gas embolism are described, produced either by venous injection of various volumes of different gases or by various rates of venous infusion of these gases.
METHODS
Mongrel dogs of either sex, weighing 15-25 kg, were used. Half an hour before anesthesia 0.5 mg of atropine sulfate and 2 mg of droperidol were injected i.m. Anesthesia was induced by i.v. injection of 250mg kg -~ gamma-hydroxybutyric acid and 20mg kg -1 thiopental, and maintained by infusion of a solution containing a mixture of 95~ gamma-hydroxybutyric acid (200 g 1-1) and 5 thiopentat (10 g I -~) at a rate established empirically (about 0.2 mI min-~). The animals were heparinized. When artificial ventilation was applied, the muscles were paralyzed by 2 mg diallyl-bis-nortoxiferine; the administration of this dose was repeated if necessary. In order to eliminate the well-known influence of body position on the effects of venous gas administration (Cook et al., 1967; Durant et al., 1947 Durant et al., , 1954 Holt et al., 1966) our experiments were performed in supine animals throughout. The trachea was intubated; a catheter (USCI nr. 6 5400) was introduced into the femoral artery and the tip moved into the abdominal aorta; another catheter (USCI nr. 8 5431) was inserted into the left femoral vein and the tip moved into the pulmonary artery under X-ray control; a transport catheter was placed in the right femoral vein for infusion. A Harvard respirator (model nr. 607) was used when artificial ventilation was applied. Braun infusors (Melsinger Unita 2B) were used for infusion of bubbles and anesthetics. Blood pressure in pulmonary artery and aorta was continuously measured by Statham pressure gauges (model hr. P23Db) and recorded on a UV-recorder (Honeywell Visicorder model 1108). Heart frequency was obtained from this record. Cardiac output during steady state was calculated from Fick's principle: 0-C0o2 -C~o~ 0 = btood flow in I min *, I2o~ = O2 consumption in ml rain *, Cao~ and C~o~ = 02 concentration of arterial and mixed venous blood, respectively, in ml 1 -~.
12o~ was calculated with the equation 12o~ = 12~ (&o~ -F~o,). 17E (expiratory gas volume in ml rain * corrected to BTPS) was measured by a spirometer and F~o= and FLo~ (inspiratory and expiratory 02 volume fraction, respectively) were measured by Scholander analysis. In order to determine C~o, and Cr,,~ blood samples were taken from the catheters simultaneously with the collection of expiratory gas. These samples were analyzed for hemoglobin concentration (by HiCN method), oxygen pressure (Gasmonitor, Radiometer, Copenhagen) and pH (pH meter 22, Radiometer, Copenhagen). Oxygen saturation was calculated, after correction of the Po= to body temperature (measured in the rectum by a mercury thermometer), from the nomogram constructed by Rossing and Cain (1966) . When oxygen was used as infusion gas, the Fick principle remained valid because the infused amount of oxygen never exceeded 3 ~ of the total oxygen consumption. At the end of several experiments post-mortem examination was carried out with special attention paid to the macroscopic anatomy of heart and lungs, particularly concerning the possible presence of intracardiac shunts, atelectasis and lung edema.
RESULTS

A. Intravenous Infusion of Gases at Different Rates
The most marked effect of i.v. gas infusion is that on pulmonary arterial pressure (Pap). Figure 1 shows the results of a typical experiment; Pap ..... is plotted against time for O2 infusion at a rate of 2.0, 3.75, or 5.0 ml rain -1. The rate of increase as well as the maximum level of Pap ..... depend on the rate of infusion. After stopping the gas infusion Pap ..... returns Table 1 the results of statistical analysis are presented. Symbol A denotes the ratio of a variable as measured during gas infusion after reaching a constant level and as measured before gas infusion. Aeo, is linearly related to the rate of infusion as is illustrated for oxygen and neon in Figure 3 . Systemic arterial pressure (P~) and cardiac output (0) hardly change except in some cases during infusion of 3.2ml min -~ of neon or nitrogen. The latter situation is shown in Figure 4 . Figures are mean value _+ standard error (S.E.) ; N = number of experiments Control data were measured before gas infusion, the data during gas infusion 15 min after starting the infusion Figure 3 showed that oxygen and neon cause a different increase of Pap with the same rate of infusion. Intravenous infusions of oxygen, helium, neon and nitrogen at 3.2 ml min -~ have different effects on the rate of increase and on the maximum level of P~p (Fig. 5) . When Pap did not reach a constant level or when a fall in 0 and Pa occurred accompanied by insufficient gas exchange, it was decided to stop the gas infusion to prevent untimely death of the animal, as happened a few times (see Fig. 4 ). CO2 did not elicit any effect on the circulation.
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C. Intravenous Injection of Different Volumes of Air
The effects of various volumes of gas injection on Pap are comparable with different rates of gas infusion. In Figure 6 the effects of 12.5, 25, 37.5, or 50 ml air, injected i.v. within 1 s, on diastolic and systolic Pap are shown. The measuring points were taken during the end-expiratory phase of the breathing cycle (the animal was ventilated artificially). There is a marked relationship between the injected gas volume and the rate of increase of Pop as well as the maximum reached. Pap .... and P,p ..... change in such a way that diastolic pulmonary at-terial pressure (m~ H~)
40-weight 24 kg
infusion oF 3_2 ml rain 1 gas pulmonary arterial pulse pressure increases immediately after injection. The extent of this increase depends on the injected gas volume. Subsequently pulmonary arterial pulse pressure returns to its original value within 1 min. Mean P,p reaches its maximum 30-60 s and then slowly returns to the original level within 10-20 min (not shown in Fig. 6 ). cannot be measured by the Fick principle under these circumstances due to the absence of a steady state. But because mean Pa and systemic arterial pulse pressure do not change appreciably, it is unlikely that Q changed much.
D. Intravenous Injection of the Same Volume of Carbon Dioxide, Oxygen, Helium, Neon, or Air
The most remarkable observation is the discrepancy between the effects of gas infusion and gas injection. Different gases infused at the same rate induce different changes in Pap (Fig.5) , whereas different gases injected at the same volume cause almost the same changes in Par (Fig. 7) , CO2 being a notable exception. Injection of CO2 causes only a small increase of Pap which disappears within 20 s (Fig. 7) . The return of Pap to the original level is not shown in Figure 7 . The rate of decrease of Pap after the maximum is different for the gases used. The original Pap levels are reached after injection of 02, He, Ne, or air within 10, 12, 17, and 19 min, respectively.
E. Post-Mortem Examination of Heart and Lungs
Only a few times edema and/or atelectasis was found macroscopically in one or two lobes. The rest of the preparations were normal. 
DISCUSSION
The main findings of this study are that during venous gas infusion Pa~ increases, reaches a plateau, and after termination of the infusion returns to control level; after gas injection Pa~ rises much more rapidly, shows a flat peak, and subsequently returns to the original value. The increase in Pa~ due to venous gas administration is a direct reflection of increasing pulmonary vascular resistance as long as cardiac output remains constant (resistance = pressure/flow). The resistance in the pulmonary circulation will increase when the bubbles mechanically block parts of the pulmonary circulation (possibly enhanced by vasomotor reaction). Knisely et al. (1957) found that the infused bubbles drift with the venous blood to the right heart and subsequently are pumped into the pulmonary circulation where they are arrested in arterioles. With continuing gas infusion more and more arterioles will be obstructed so that the pulmonary vascular resistance keeps increasing during the first 15 min. Thereafter Pap reaches a plateau which means that the pulmonary vascular resistance does not increase further in spite of continued gas infusion. The increasing number of bubbles in the pulmonary circulation also enlarges the area of contact between the intravascular bubbles and the alveolar space and thus promotes diffusional exchange across the vessel walls. Since the total gas pressure in the bubbles (atmospheric plus pulmonary arterial pressure) exceeds the gas pressure in the alveolar space (atmospheric), net movement of gas from the intravascular bubbles to the alveolar space will be enhanced. When P~p has reached a constant level, bubble removal will equal bubble supply. right ventricular performance in maintaining an increased P,p. After stopping gas infusion the bubble removal continues but its rate will decrease due to decreasing P,p and decreasing area of gas exchange between the intravascular bubbles and the alveolar space. It is evident from the results with infusion of oxygen and neon at different rates (Results A) that the increase of Pap depends on the rate of gas infusion. The rate of infusion has been empirically limited to those values at which the right ventricle is still able to maintain its output in spite of the increasing resistance in the pulmonary circulation. If this limit is surpassed many factors like acidosis, hypoxemia, hypotension, and hypercapnemia may influence the results. Only three comparable investigations could be found in the literature. Spencer and Oyama (1971) infused 0.03, 0.09, and 0.15ml kg -1 min-* of C02, 02 and N2 into the caval vein of unanesthetized sheep. The gas was not infused continuously but was administered intermittently every minute during 30 rain. Their results agree with ours. Wycoff and Cann (1966) infused 0.13 to 0.69 ml kg -1 min -1 of air into the jugular vein of dogs anesthetized with thiopental. Their conclusion was that 0.13 to 0.61 ml kg -1 min -~ of air infusion caused systemic arterial hypotension and a small increase of the central venous pressure, which disappeared after stopping the gas infusion; infusion of 0.69 ml kg -1 min -1 of air resulted in heart failure as evidenced by a large increase of the central venous pressure and irreversible systemic arterial hypotension. The differences in the method (discontinuous measurements) do not allow a comparison with our findings. Furthermore, the used infusion rates were higher than in our experiments. Steffey et al. (1974) infused 3.5 and 7.0 ml min -t of air i.v. in dogs anesthetized with halothane. The air infusion was continued until mean arterial pressure was decreased to 60 ~ of the original value. Simultaneously mean right ventricular pressure increased by 38 to 86 ~ as compared with control data. Oxygen breathing doubled the volume of air infusion required during air breathing to produce a 40~ decrease in mean arterial pressure but there was no difference in the spontaneous rate of return of mean arterial pressure to 90 ~ of control.
From the fact that a plateau of Pap is reached during gas infusion in spite of continuing supply of gas bubbles, and that the circulatory changes produced by the infusion are completely reversible, it must be concluded that all bubbles eventually disappear from the lungs. This disappearance might be explained in several ways : (1) the bubbles are forced through the pulmonary capillaries into the pulmonary veins;
(2) the bubbles disappear from the pulmonary arterioles because the gas slowly dissolves in the surrounding tissue and diffuses into the alveolar space; (3) the bubbles pass through arterio-venous communications in the pulmonary circulation; (4) a combination of these possibilities. Experiments with different gases infused at the same rate might provide some indication as to these theoretically possible mechanisms. Such infusions produce a different degree of obstruction in the pulmonary vessels as evidenced by a different response of Pap ..... (Results B, Fig. 5 ), suggesting an influence of the nature of the gas. If dissolving of the gas in the tissue and diffusion into the alveolar space were mainly responsible for the disappearance of the gas, Pap ..... should be expected to be related to the diffusive properties of the gas, i.e. the diffusive resistance should be related to the amount of gas remaining in the vessels and thus to Pap ...... It has been shown by several authors (Duling and Berne, 1970; Jameson, 1963) that the arteriolar walls are permeable for gases and thus may participate in gas exchange. Krogh's diffusion coefficient (K), being the product of diffusion coefficient (D) and solubility coefficient (e), is a measure of the diffusive conductivity of a medium for a particular gas and should therefore determine the rate of gas transport between the intravascular bubbles and the alveolar space. However, no data of K in lung tissue for the gases used here could be found in the literature. Therefore K was calculated from D x c~. The solubility coefficients of the gases in water were used for lack of their values in tissue. The values of the diffusion coefficients were taken from Kawashiro et al. (1975) . Table 2 shows that the values of Krogh's diffusion coefficient are inversely related to Pap ..... after infusion of 3.2 ml rain -1 of O2, He, Ne, and N2 during 10 rain. However, as mentioned, there should be a direct relationship between diffusive resistance (l/K) and Pap ..... if our assumption is correct that the gases do escape into the alveolar space. Figure 8 their embolizing effect
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P~vd~,, (mmHg) after infusion of 3.2 ml lnin -1 during 10 min ( Another way of disappearance of the bubbles, i.e. across the pulmonary capillaries into the pulmonary veins, cannot be excluded a priori but seems unlikely on the basis of the relationship shown above and of the fact that the physical properties of these gases (e.g. the surface tension) may not be expected to differ in a way compatible with our findings. The possibility of an escape of the bubbles through arterio-venous communications can be discounted with even more certainty since such channels could not be demonstrated anatomically in the dog.
Another question is whether vasoconstriction in the pulmonary circulation occurs during pulmonary gas embolism. The investigations as to the occurrence of a vasoconstrictor component have not yet led to a generally accepted opinion. If one accepts that bubbles of inert gases should produce the same stimulus for a nervous or humoral vasoconstriction the same rate of infusion should induce the same increase of resistance. This, however, is contradicted by our experimental results (Fig. 5) .
Changes of P,p caused by i.v. gas injections are described in Results C and D. Gas injection causes an acute obstruction of many pulmonary arterioles, so that P,p rises very fast and very high (compared with gas infusion). If the right ventricle is able to maintain its output, the increased Pap will provide for a fast disappearance of the bubbles. The volume of injected gas will determine the degree of obstruction, as could be confirmed in Results C. The kind of gas is not important for the maximum value of the resistance of the pulmonary vessels, unless the solubility of the gas is so high that part of the bubbles have already disappeared before the sites of obstruction are reached, as may hold for CO2. The other gases, 02, He, Ne, and N2, will cause the same maximum degree of acute obstruction if the same volumes are injected, but the rate of disappearance again depends on the diffusive properties of the gas (see Table 2 ), as may be seen from the sequence of the disappearance times mentioned at the end of section D of Results.
The most comparable investigation is that of Josephson (1970a) . Apart from similar results concerning the circulatory variables, he showed by angiographic examination that injection of air into the pulmonary artery causes an increased diameter of the central pulmonary arteries due to the increasing Pap, a decrease of the emptying rate of the pulmonary arteries due to a partial obstruction of the pulmonary circulation, and a shortened artery-to-vein transit time through the open vessels due to the increased Pop. The vasoconstriction claimed by him, however, does not agree with our findings. Apart from the lack of evidence for a reflex of general vasoconstriction in the pulmonary circulation, one wonders what the meaning of such a reflex might be (Cook et al., 1967; Daily et al., 1966; Daley et al., 1951; Gilbert et al., 1968; Holt et al., 1966; Knisely et al., 1957; Williams et al., 1969) .
The observations from the post-mortem examination agree with those of Dahlgren and Josephson (1970) . Furthermore these authors found, by microscopic examination of material from 28 dogs, in 7 cases a small and in 5 cases a moderate degree of pulmonary edema; but there was not relation to the amount of injected air, the increase of P,p, or the duration of anesthesia.
Intravenous gas injection repeated daily for a long time (months) elicits anatomical changes of the pulmonary vessels corresponding to the pathology of primary pulmonary hypertension. The great difference, however, is the reversible character of the anatomical changes after stopping the gas injections (Boerema, 1962; Gilbert et al., 1968; Wright, 1962) .
